ABSTRACT: Changes in temperature and precipitation projected from five general circulation models, using one late-twentieth-century and three twentyfirst-century emission scenarios, were downscaled to three different baseline conditions. Baseline conditions are periods of measured temperature and precipitation data selected to represent twentieth-century climate. The hydrologic effects of the climate projections are evaluated using the Precipitation-Runoff Modeling System (PRMS), which is a watershed hydrology simulation model. The Almanor Catchment in the North Fork of the Feather River basin, California, is used as a case study.
Introduction
In a recent study conducted by the U.S. Geological Survey, the hydrologic effects of different emission scenarios for the twenty-first century were evaluated for 14 basins in different hydroclimatic regions across the United States (see Hay et al. 2011) . The Precipitation-Runoff Modeling System (PRMS) (see Leavesley et al. 1983 ), a process-based, distributed-parameter watershed model, was used to evaluate these hydrologic effects. For each of the 14 basins, simulated precipitation and temperature from five general circulation models (GCMs), using one current (late twentieth century) and three future (years 2001-99) emission scenarios (see Alley et al. 2007) , were downscaled using the change-factor method. This method is a downscaling technique that imposes the change from coarse-scale GCM projections to baseline (current) conditions as measured at climate stations (see Hay et al. 2011; Arnell 2003a; Arnell 2003b; Arnell and Reynard 1996; Hay et al. 2000; Diaz-Nieto and Wilby 2005; Eckhardt and Ulbrich 2003; Pilling and Jones 1999; Prudhomme et al. 2002; Hay and McCabe 2010) . Hay et al. (Hay et al. 2011 ) chose the time period from 1 October 1987 through 30 September 1999 [water years (WYs) 1988-99] as the baseline condition of their study because input data used in the 14 PRMS models overlapped this period. This baseline condition period is herein referred to by its center year, 1994.
Simulations of future hydrologic conditions, developed using downscaled GCM output and a hydrologic model, are subject to numerous sources of uncertainty (see Hay et al. 2011) . These sources include the GCM models, the downscaling technique, and the hydrologic model. The representation of the physical processes of the atmosphere, model structure, and feedbacks within the climate system all introduce large uncertainties in the GCM outputs (see Alley et al. 2007 ). GCMs produce outputs at a very coarse spatial resolution compared to the spatial resolution used by the PRMS model. When the GCM output is downscaled to finer resolution, an additional source of uncertainty is introduced to the simulation. This uncertainty, however, may be small relative to the inherent uncertainty in the GCMs (see Fowler et al. 2007 ; Khan et al. 2006) . In many cases, uncertainty in the GCM model has been shown to be consistently greater than uncertainty from the hydrologic model itself (see Prudhomme and Davies 2009) .
In this study, we examine the range of uncertainty associated with the choice of baseline conditions in the change-factor downscaling procedure. The Almanor Catchment of the North Fork of the Feather River, California (Figure 1 ), was selected from the 14 basins used by Hay et al. (Hay et al. 2011) . The hydrology of the Almanor Catchment is influenced by the phases of Pacific decadal oscillation (PDO) (see Koczot et al. 2005) , which is a multidecadal temperature pattern that has been identified in the surface-water temperature of the Pacific Ocean (see Mantua et al. 1997) . These multidecadal changes in Pacific Ocean surface-water temperatures influence multidecadal increases and decreases of temperature and precipitation over the Almanor Catchment (see Koczot et al. 2005; Dettinger et al. 2004 ). In addition to the WYs 1988-99 baseline condition used by Hay et al. (Hay et al. 2011) , baseline conditions representing a warm (WYs 1984-94 ) and a cool (WYs 1965-75) PDO phase were examined. Uncertainty caused by the selection of baseline conditions was evaluated using a comparison of PRMS simulation results obtained using the downscaled twenty-first-century climate projections.
Study area and historical hydroclimatology
The Almanor Catchment covers about 1295 km 2 of the 9324 km 2 Feather River basin (Figure 1 ). The Almanor Catchment comprises a series of small tributaries that drain meadows and surrounding mountains into two large lakes (Mountain Meadows and Almanor; Figure 1 ). The catchment is relatively unpopulated; however, it has been heavily developed for hydroelectric power generation. Vegetation cover is predominantly coniferous trees, with some areas of shrubs and grasses surrounding Mountain Meadows Lake. Elevations range from about 1310 m at the outflow below Lake Almanor to about 2896 m near Mt. Lassen; 50% of this catchment is below the historical seasonal snow line (Figure 1 ). Because of lower elevations and near-freezing winter conditions, precipitation form, snow accumulation, and snowmelt are sensitive to slight temperature variations. The catchment is underlaid by permeable and porous volcanic rocks (see Koczot et al. 2005) . The high permeability of the volcanic rocks allows deep percolation of water and yields groundwater contributions to streams (see Durrell 1987) . The Almanor Catchment climate is Mediterranean, with cool wet winters and warm dry summers. Figure 2 shows the precipitation measured at Canyon Dam Climate Station, which is plotted as an 11-yr moving average, and the corresponding cool and warm phases of the PDO. Figure 3 shows the mean monthly streamflow (as simulated by PRMS) for the Almanor Catchment corresponding to two 11-yr periods identified in Figure 2 and centered on the years 1989 (magenta) and 1970 (yellow). The shift in the month of peak streamflow corresponds to the variability of the PDO (see Mantua et al. 1997) , with cool PDO phases resulting in later peak streamflow and warm PDO phases resulting in an earlier peak streamflow (see Dettinger et al. 2004; Koczot et al. 2005) . Peak timing of streamflow in the Almanor Catchment corresponds to variability of the PDO phases (Figure 3) , with mean monthly peak streamflow occurring in May during the cool PDO phase (1970) and in February during the warm PDO phase (1989) (Figure 3 ). 
Methods
The hydrologic model PRMS was used to evaluate the influence of baseline conditions on the hydrologic effects of projected climate change in the Almanor Catchment. The following three subsections describe 1) the PRMS model; 2) how the changes in climate, as projected by GCMs, were processed; and 3) the selection of three historical time periods, with each representing a different baseline condition.
Precipitation-Runoff Modeling System
This study uses PRMS (see Leavesley et al. 1983 ), a process-based, distributedparameter watershed model. Input datasets are developed by partitioning a watershed into homogeneous hydrologic response units (HRUs), using characteristics such as slope, aspect, elevation, vegetation type, soil type, and precipitation distribution. PRMS requires daily inputs of precipitation and maximum and minimum air temperature. A water balance and an energy balance are computed daily for each HRU. PRMS simulates streamflow and related hydrologic components on a daily time step for each HRU and sums results for the whole basin (or, in this case, catchment). The PRMS application for the Almanor Catchment from Koczot et al. (Koczot et al. 2005 ) was used as the foundation model for this study. This application was modified from PRMS version 1998 and recalibrated to run using PRMS version 2010. Refer to Hay et al. (Hay et al. 2011 ) and Markstrom et al. (Markstrom et al. 2008 ) for further details on PRMS.
Changes in climate
Hay et al. (Hay et al. 2011) describe the generation of the climate-change input files. The PRMS model uses these files to simulate the hydrologic effects of the projected climate changes on the Almanor Catchment. GCM simulations of 1989 (1984-94; magenta) and 1970 (1965-75; yellow Alley et al. 2007) . Table 1 lists the five GCMs chosen for the study, and Table 2 describes the GCM baseline and three future (2001-99) emission scenarios chosen for analysis. Projected precipitation and maximum and minimum temperature from the five GCMs (Table 1 ), using one current (late twentieth century) and three future (years 2001-99) emission scenarios (Table 2) , were downscaled using the change-factor method ( Figure 4 ). Mean monthly climate-change factors (percentage changes in precipitation and degree changes in temperature) were computed for 12-yr moving periods (from 2001 to 2099) using the 20C3M (current conditions) and the A2, B1, and A1B emission scenarios ( Table 2 ). The climate-change input files for use with PRMS were generated by modifying the WYs 1988-99 baseline condition (selected from twentieth-century climate) (i.e., precipitation and maximum and minimum temperature) inputs with the mean monthly climate-change factors derived from the GCM model output. The first year of each 12-yr simulation was used as an initialization period for the PRMS model and was not included in the analysis of results; the median year from the last 11 years of each 12-yr period was used to Table 2 . GCM baseline and future emission scenarios chosen for this study (from Alley et al. 2007 ).
Emission scenario Description/assumptions 20C3M Twentieth-century climate used to determine baseline (1988-99) conditions B1 Convergent world, with the same global population as emission scenario A1B but with more rapid changes in economic structures toward a service and information economy that is more ecologically friendly A1B Very rapid economic growth, a global population that peaks in the mid-twenty-first century, and rapid introduction of new and more efficient technologies with a balanced emphasis on all energy sources A2 Very heterogeneous world with high population growth, slow economic development, and slow technological change reference (or label) the period. Figure 4 shows a schematic of the climate-changefactor method as applied in this study.
Baseline conditions
The hydrology in the Almanor Catchment is influenced by PDO phases (see Figures 2, 3 ). In addition to the baseline climatic condition chosen by Hay et al. (Hay et al. 2011) , baseline conditions representing a warm and a cool PDO phase were examined. Hay et al. (Hay et al. 2011 ) used WYs 1988-99 for a common baseline condition for the 14 basins in their study. This period, centered on the year 1994, ended in 1999 because many of the GCM projections of current climatic conditions end in 1999. Water year 1988 was selected as the start of the baseline condition based on the periods of record for the Natural Resources Conservation Service's snow telemetry records used by PRMS. In the Almanor Catchment, this baseline period has higher than average precipitation and is in the final years of a warm PDO phase (cyan arrow in Figure 2 ). To capture a range in historical climate events and simulate broader ranges of uncertainty, two other baseline conditions were chosen to represent a cool PDO and a warm PDO phase. The baseline condition representing a cool PDO phase was selected by choosing an 11-yr period centered on the year 1970 (1964-75) , the wettest year in a cool PDO phase (yellow arrow in Figure 2 ). The baseline condition representing a warm PDO was selected by choosing an 11-yr period centered on the year 1989 (1983-94) , the driest year in a warm PDO phase (magenta arrow in Figure 2 ). The catchment's mean monthly temperature peaks in July and is at a minimum in December or January (Figures 5a,b) . The catchment's mean monthly maximum precipitation occurs in November through March, with minimum precipitation occurring in July (Figure 5c ). PRMS-simulated streamflow, using the 1994 centered baseline condition, produces mean monthly peak streamflow during the month of May, with a lesser peak in March (Figure 5d ). PRMS-simulated streamflow, using the 1970 centered (cool PDO) baseline condition, produces a mean monthly peak streamflow during the month of May, which is a value greater than the peak produced using the 1994 baseline conditions (Figure 5d ). PRMS-simulated streamflow, using the 1989 centered (warm PDO) baseline condition, produces mean monthly peak streamflow during the month of February, with a minor peak in November. This corresponds to the peaks in mean monthly precipitation and is 3 months earlier than that produced using the 1994 and 1970 baseline conditions (Figure 5d ).
Results and discussion
The scope of this study is limited to catchment-wide, mean monthly, and mean annual climate-change analyses of PRMS daily output simulated for the twenty-first century. Values are computed for 11-yr moving averages. The maximum and minimum temperature and precipitation (PRMS model input) are examined first. The PRMS model output was then analyzed from three different hydrological perspectives: 1) snowmelt and the percentage of precipitation that falls as snow; 2) evapotranspiration (potential and actual) and related components (soil-moisture recharge, sublimation, and soil zone evapotranspiration); and 3) streamflow and flow components (surface, subsurface, and groundwater).
PRMS inputs
Figures 6-8 show the catchment's mean annual maximum and minimum temperature and precipitation for each baseline condition. The three solid colored lines in Figures 6-8 indicate the 11-yr moving averages (x axis indicates the center year of the 11 years of the analysis period) for the three future emission scenarios (central tendencies of the five GCMs for A1B, A2, and B1). The blue, red, and yellow colors represent the A1B, A2, and B1 emission scenarios, respectively. The solid or hatched colored areas represent the range derived from the five GCMs, with the highest and lowest GCM projections forming the upper and lower bounds of the colored area. For details on how the ranges of uncertainty were calculated, see Hay et al. (Hay et al. 2011) .
All applications of GCM projections show steady increases in temperature, with uncertainties associated with these projections increasing with time (indicated by the wide range of values among GCMs). The B1 scenario indicates the smallest changes for both maximum and minimum temperatures (Figures 6, 7) . The amount of the initial jump from baseline conditions (black line) to the first moving average (2001-12) differs for each baseline period. Twenty-first-century temperature changes are projected to be the same magnitude for all baseline conditions because the change-factor downscaling method applies a similar change to each baseline.
Projected changes in mean annual precipitation are highly variable, showing increases and decreases in precipitation between GCM projections and within the ditions: 1994 (1989-99; blue), 1989 (1984-94; magenta), and 1970 (1965-75, yellow) .
emission scenario ranges (Figure 8 ). The projections of precipitation indicate both wetter and drier multidecadal cycles. These cycles are indicated in both the variation in the measured input data and the way the GCMs project climatic cycles for the three emission scenarios.
Snowmelt simulations
On a monthly basis, depending on the baseline conditions, simulated changes in snowmelt are quite variable (Figure 9 ). The box plots show by month the mean monthly values for the baseline (red lines) and the range in future conditions for five GCMs and three scenarios: 2030 (green), 2060 (tan) and 2090 (blue) (see Hay et al. 2011 ). The range of values indicated by the box plots illustrates the magnitude of simulated changes on a monthly basis for the five GCMs and three scenarios. Decreases in snowmelt are simulated from April through June, and increases are simulated for January for all baseline conditions by the end of the twenty-first century. By the end of the twenty-first century, peak timing of snowmelt is not simulated to change drastically when using the warm PDO baseline conditions (1994 and 1989; Figures 9a,b) . In contrast, the cool PDO baseline conditions (1970) simulate a substantial change in peak snowmelt timing from May to January by the end of the twenty-first century (Figure 9c ). Twenty-first-century snowmelt simulations show a decrease in melt because winter temperatures are projected to increase, which will increasingly change the form of precipitation to rain. The amount of precipitation is not expected to change very much (Table 3) , but wetter and drier multidecadal cycles seen in historical climate are expected to continue into the twenty-first century (Figure 8) . Therefore, the simulated change in the proportion of total precipitation falling as snow for all baseline conditions show that by the end of the twenty-first century, precipitation in the Almanor Catchment will more likely fall in the form of rain rather than as snow (Figure 10 ), the warmer temperatures as projected by GCMs (Figures 6, 7 ) will result in less snowfall, and less snowpack will remain to melt during the spring snowmelt season. Historically, peak streamflow in the Almanor Catchment has been dominated by snowmelt runoff. The simulations indicate that this will reduce the importance of the spring snowmelt to the stream and could eventually alter the characterization of the Almanor Catchment streamflow from being spring snowmelt dominated.
Evapotranspiration simulations
Simulations of evapotranspiration in the Almanor Catchment are affected by the seasonal timing of soil-moisture availability, vegetative life cycle (phenology), and potential evapotranspiration (PET). The wettest soil conditions occur in winter and spring during periods of maximum precipitation ( Figure 5 ) and melting snowpack (Figure 9 ). Evapotranspiration peaks by April-May in response to soil-moisture availability, spring warming, and vegetative growth. Soil-moisture availability declines in early summer and limits evapotranspiration during the warmest months ( Figure 5 ) (see Koczot et al. 2005) . In PRMS simulations, once transpiration starts, transpiration is constrained by PET, soil-moisture availability, and the length of the growing season. PRMS simulations of evaporation (which includes sublimation; Figure 11c ) are also constrained by PET (Figure 11a ) and soil-moisture availability (not shown). Total actual evapotranspiration (AET; Figure 11e ) is computed as the daily sum of sublimation, evaporation from retention on impervious surfaces, and soil zone evaporation and transpiration (see Markstrom et al. 2008 ). The simulated change by emission scenario is shown for PET ( Figure 11a) ; soilmoisture recharge ( Figure 11b) ; sublimation ( Figure 11c) ; soil zone evapotranspiration ( Figure 11d) ; and AET (Figure 11a ). Figure 11 shows the difference in the simulations based on the three baseline conditions. For purposes of this study, it is assumed land cover and vegetation types will remain the same throughout the twenty-first century. The simulated changes made from the B1 emission scenario projections in particular show that PET may level off by the end of the twentyfirst century (Figure 11a ). Simulated increases in AET are relatively small, especially for the 1970 (cool PDO) baseline condition (Figure 11e ), even though simulated PET is expected to increase at much higher rates for all baseline conditions (Figure 11a ). PRMS simulations of evapotranspiration variables, corresponding to the 1970 baseline condition (cool PDO), indicate some similarities and some substantial differences with evapotranspiration variables simulated using the 1989 and 1994 baseline conditions (warm PDO). Simulations based on all baseline conditions show relatively similar changes in soil-moisture recharge (Figure 11b ). Sublimation from snowpack ( Figure 11c ) is simulated to decrease in the twenty-first century; PRMS simulations using the cool PDO baseline condition (1970) indicate larger decreases by the end of the twenty-first century than those produced using the warm PDO baselines (1994 and 1989) . AET ( Figure 11e ) and soil zone evapotranspiration (Figure 11d ) are simulated to increase by the end of the twentyfirst century with some variability; PRMS simulations using the cool PDO baseline condition (1970) indicate substantially smaller increases than those using the warm PDO baselines (1994 and 1989; Figure 11d ).
Streamflow simulations
The simulated change in the central tendency of the 11-yr moving averages of total streamflow and the components of flow (surface, subsurface, and groundwater) are shown in Figure 12 (see Markstrom et al. 2008 for the definition of these components). Simulations of streamflow are variable, showing both increases and decreases in the central tendencies of simulated streamflow. Simulated trends are similar, regardless of the baseline conditions used (Figure 12a ). However, simulations from the cool PDO baseline condition (1970) show more severe changes than simulated from the warm PDO baselines (1989 and 1994) . Minimal change is simulated in surface runoff (Figure 12b ). Subsurface flow shows the greatest variability between emission scenarios and baseline conditions, indicating a relatively steady overall increase by the end of the twenty-first century for the A1B emission scenario only. All emission scenarios and baseline conditions indicate a similar steady decrease in groundwater flow by the end of the twenty-first century (Figure 12d) . Simulated annual streamflow shown in Figure 13 shows the range of uncertainty from the different sources (PRMS simulations, GCM projections, and baseline conditions) accounted for in this study (see Hay et al. 2011) . The range of uncertainty shown in the ensemble of PRMS simulations from GCM projections of the carbon emission scenarios (see Murphy et al. 2004; Boorman and Sefton 1997; Alley et al. 2007 ) is consistently greater than the range of uncertainty from the hydrologic model or the variability within measured climate data (see Prudhomme and Davies 2009 ). An additional source of uncertainty, accounted for in this study and illustrated in Figure 13 , is the selection of the baseline period. For example, the inclusion of the 1970 baseline period (cool PDO) results in greater uncertainty toward the end of the twenty-first century as compared with PRMS simulations from the other baselines (warm PDO). The combined range of uncertainty simulated from all baseline conditions represents a more realistic range of uncertainty for PRMS simulations of the GCM projections. Table 3 shows the results of a regression analysis based on the central tendencies of the five GCM model output sets for each of the three emission scenarios and baseline conditions. The twenty-first-century change (slope) is the change in the central tendency of the specified variable per 11-yr moving average; values set in bold indicate a significant positive trend (at a probability level less than 0.05) and values set in italics indicate a significant negative trend (at a probability level less than 0.05), accounting for effects of lag-1 autocorrelation on the degrees of freedom (see Lettenmaier 1976; McCabe and Wolock 1997) . The associated adjusted coefficient of determination (R 2 ) value gives an indication of the variability in the central trend [i.e., the higher the adjusted R 2 (adjR2) value, the less variability in the central tendency over time]. In all cases, when a significant trend was detected in the mean annual values of PRMS output variable, the direction of the trend remains constant for all baseline conditions, although the magnitudes vary.
Regression analysis
A positive precipitation trend was found only for the A1B scenario using the 1970 (cool PDO) and 1989 (warm PDO) baseline conditions (Table 3a ). The higher adjusted R 2 values for the A1B emission scenario indicate that the variability in the precipitation for the A1B scenario is substantially less than for the A2 and B1 scenarios (Figure 8) .
Changes in the central tendencies of both maximum and minimum daily temperature are similar because the change-factor downscaling method applies the same change in mean monthly temperatures to each baseline (Tables 3b,c) (Hay et al. 2011) . Also of note are similarities in the magnitude of changes projected for maximum and minimum temperature. In this study, the Jensen-Haise method is used to estimate PET (see Hay et al. 2011) . Because the Jensen-Haise method uses temperature to estimate PET, projected increases in temperature will result in corresponding increases in PET (Table 3d and Figure 11a) ; however, changes in AET are not consistent between emission scenarios or baseline conditions (Table 3e and Figure 11e ). Significant increases in AET are only simulated for the 1994 (A1B and A2) and 1989 (A1B) scenarios. One interpretation of this may be that the effect of baseline conditions on any particular PRMS output variable seems to be amplified in those hydrologic variables, which accumulate over time, or are constrained by storage limitations, such as limiting soil-moisture storage.
No significant trends were simulated for total streamflow (Table 3f ) (Table 3h and Figure 12c ). The magnitudes of the negative trends in groundwater flow are similar (Table 3i and Figure 12d ). All GCM projections of future climate, when downscaled to the baseline conditions, produce significant negative trends in the proportion of precipitation that falls as snow, snow-covered area, snowpack water equivalent, and snowmelt (Tables 3j-m) , but the magnitude of these negative trends can be substantially different between baseline conditions; larger decreases in snowpack water equivalent are simulated using the 1970 baseline conditions (cool PDO), and corresponding smaller decreases are simulated in snowmelt (less snowpack to melt).
Conclusions
The sensitivity in the simulated hydrologic response of the Almanor Catchment, North Fork of the Feather River, California, to three different baseline conditions used in climate-change projections was evaluated using a PRMS watershed hydrology model. Comparison of the results from the three different baseline conditions resulted in the following conclusions: 1) the selection of the baseline period is an important source of uncertainty associated with the change-factor downscaling of projected future climates, 2) uncertainty due to the baseline period is not the same for all hydrologic variables, and 3) the location and physical characteristics of the study site may affect the sensitivity of some hydrologic variables to a particular baseline condition.
When using the change-factor method for downscaling, several baseline conditions may need to be chosen to represent a range in historical climatic conditions. It is important to evaluate and understand the trends, variability, and extremes in the historical climate record to determine this range. Just as multiple carbon emission scenarios simulated with an ensemble of GCMs can provide a sense of the uncertainty associated with a climate projection, an ensemble of baseline conditions also needs to be considered.
One of the more interesting aspects of this study was that not all hydrologic variables were equally sensitive to the selection of baseline conditions. PRMS variables that are not directly associated with long-term water storage in the model, such as PET, tend to be dominated by the climate trends introduced by the emission scenario. However, variables associated with interannual water storage in the model, like soil-moisture content, are sensitive to the selection of baseline conditions.
The geographic location in relation to local climate and the physical characteristics of the catchment may have an influence on the sensitivity of some hydrologic variables to a particular baseline condition. The Almanor Catchment is located in storm paths that result in large multidecadal variability in precipitation amounts. Topographically, it is bisected by the seasonal snow line. Slight changes in winter temperatures result in a change in precipitation form and, consequently, earlier or later peak runoff. In this paper, we show that trends in streamflow and related hydrologic components are simulated differently from cool (1970) and warm PDO baseline conditions (1989 and 1994) . An important question to consider then is whether other watersheds in different geographic or topographic regimes show a similar sensitivity to the selection of baseline conditions. Earth Interactions is published jointly by the American Meteorological Society, the American Geophysical Union, and the Association of American Geographers. Permission to use figures, tables, and brief excerpts from this journal in scientific and educational works is hereby granted provided that the source is acknowledged. Any use of material in this journal that is determined to be ''fair use'' under Section 107 or that satisfies the conditions specified in Section 108 of the U.S. Copyright Law (17 USC, as revised by P.IL. 94-553) does not require the publishers' permission. For permission for any other from of copying, contact one of the copublishing societies.
